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where a is the electronic charge, S0 the strength of the point source of electronhold pairs, L the diffusion length of the minority carriers, and q is given by (Reference 1):
Equation ( Figure 1 and show that the unphysical behavior of Equation (1) is due to the failure of not taking the boundary c:)nditions, prevailing at the surface of the solar cell and the junction edge, properly into account. Althoragh they will be shown in detail later ou together with the limitations inherent to the model, we will give here the pertinent results and compare them with Equation (1).
Already implicit in Hackett's work (Reference 2) and also as derived by the author* is the expression for the I se generated by a point source excitation valid for a planar junction (a junction in which the surface and the junction or depletion layer edge form parallel planes a constant distance d apart, the material consisting of a uniformly-doped extrinsic semiconductor). It is given by:
The important result to be derived in the next section consists now of the following statement: If the surface plane of the semiconductor is tilted with respect to the plane of the junction edge as shown in Figure 1 , we merely have *See Reference 1 Part 11, Equation (0) for the general case.
We notice that Equation (4) does not exhibit the unphysical features of Equation (1), and we also notice that Equation (4) and Equation (1) The first apprixiwation to be introduced is the following:
S (x. Y . z) = SO ti (z) 6 (6 -0 0 ) r 0 i 6 (r -r 0 )
*Solar cell grade semiconductor material can actually he defined that way. Transcribing the boundary condition (6a) into our cylindrical coordinate system, it becomes:
This boundary condition together with the diffusion equation (S) leads to a systeat of equations which is not separable, and it is therefore impervious to a simple analytical solution. However. the choice (7) for the source function, dictated by the prevailing magnitudes of the parameters involved in this anal y sis, makes it rather obvious to introduce a second approximation, viz.: s r N -N, at 8 8 1 9 (10)
• with r0 the radial position coordinate of the point source (7). In order to ascertain the significance of this second approximation. let us notice first that in the two extreme cases, s -6 as well as s --, the replacement of r by r 0 is Immaterial. since then either ".r'a6 -0 for s = 0, or N -0 for s --Independent of r. On the oth,ir hand. If s has an intermediate -iaiue, Equati:3n (10) constitutes a true apprtximation. To see whether this approximation is not harmful to the subsequent analysis, let us consider the situation in more detail. The number density of excess carriers diffusing outward from the interaction volume has reached a value of roughly a-2 . 0.15 of its peak value at the ' *eraction volume 2L or two diffusion lengths away. Those arriers which happen to reach the surface and are annihilated by traps residing there, two diffusion lengths away, # will encounter a trap density which is slightly lower or higher than that prevailing at r . r 0 if the approximation (10) is made. But the number of carriers reaching the surface at a distance 2L away from the interaction volume is only small fraction of those being collected by the Junction. We must remember that X < 200 um and L -100 um in our example, typical for solar cells. This state of affair:, .i.i be put in another way. The correct boundary condition (9) makes the product a r variable as r is changed. The approximate boundary condition (10) insists on a constant product a r 0 . As long as r 0 '> L the. approximation (10) is excellent. We now realize that the approximation we are discussing is essentially a sauall angle approximation in the sense that 2L/r 0 = 2 ain (2 0 1 ) L/x -1, (11) must be satisfied in order Ciat the approximation (10) is valid.* Keeping in mind that the approximations (7) and (11) occurring in Equation (7) can be written
n=0
The choice for trigonometric functions for F n is dictated by the structure of the La Place operator V 2 in cylindrical coordinates. Continuing, we recall the fact that (Reference 5):
re a is an arbitrary integer and 3 the Wesel function of order m. The
If we now adopt the "ansatz":
If we now choose 01 = 1414M. with an arbitrary integer N, we are assured that En /0 1 Is (2n + 1) N is indeed integer for all n. Choosing the angle between the semiconductor planes to be 100 , for instance (8 1 R 5°), we have N -9; for 5" (8 1 N. 2.5 * ) we have N -18 etc. It becomes obvious now that an analytic continuation performed on the index of the hessel functions validates Equation (18) for arbitrary values of 0 1 . The excess minority carrier density N is now completely determined via Equations (18) and (17). But we are not particularly interested in this quantity since it is rather difficult to observe directly. Here, as in the previous papers ( Reference 1), we are concerned with the short circuit current 1$c , a quantity which can be measured with ease. It is given by:
Ise ^ e Adr dz r-1 3
In the appendix it will be shown that expression (21) is equivalent to
I sc a 'a cash 2 r 0 1 /L + n sink 2 r 61lL1 (22 if the smallest value for the index of the Eessel functions, t 0 !8 1 , is not smaller than S. The error introduced by identifying Equation (21) with Equation (22) will also be discussed, and it will be shown that the error is always small and becomes totally negligible as 81 approaches zero, as of course it should.
Realizing that for small angles 2 r el = x , r (9 1 -8 a ) -& ,
where x is the distance between the two inclined surfaces of Figure 1 , and C is the penetration depth of the SEM beam, we see that Equation (22) goes over into Equation (3) with d replaced by x, thus proving our original claim.
III. SUMK4kRY
The result for the I we have derived and which is given by Equation (22) is surprisingly simple, since it says that whether or not the pertinent surfaces of the semiconductor junction are plane parallel as in an ordinary solar cell or angle-lapped, and therefore inclined as shown in Figure 1 , the same expression for the Ise as a function of L etc. applies. This is of course subject to a g iber of approximations which we like to enumerate again. There are three approximations basic to our result ether than the assumption of uniform doping and Shoockley's low level injection theory. The first one is minor and is satisfied almost always. It is the assumption of a paint source as the gener"tor of excess electron-hole pairs. In fact, the radius of the interaction volume, being of the order of 1 pm, is small compared to both L and x which are of the order of 100 tam.* The second approximation, the small angle approximation imbodied in Equation (11), is always well satisfied for solar cells. The third approximation, the simplification of the integral (M) of the appendix, is also a small angle approximation. The analysis shown that if the angle between the two planes of Figure 1 is less than 10% the expression (22) for the 1 $c is excellent.
*This is to be compared with Reference 1, Part 11, where this approximation was not possible.
APP ENDIX
PROOF OF THE EQUIVALENCE OF EQUATIONS (21) AND (22) OF THE TEXT
For the convenience of the reader we repeat Equation (21) here. [(1 + t2) *The integral (A6) converges even for negative m les3 than one! **m is of course given by to/9 1 from Equation (Al), and, therefore, a large m again signifies a small angle 81.
If we now add Equation (A9) to n times Equation (A10) and observe Equation (13) of the text, we obtain the result: 81 81 +^ z 01 d 00 1 s (0 0 ) sin to 9 = , (All) 1 ) i and this fact completes the proof that Equation (A8) and Equation (22) (21) and (22) are equivalent rests on the approximation Binh y s y.
